Hole-Hole Interaction Effect in the Conductance of the Two-Dimensional Hole Gas in 

the Ballistic Regime 
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On a high mobihty two-dimensional hole gas (2DHG) 
in a GaAs/GaAlAs heterostructure we study the interaction 
correction to the Drude conductivity in the ballistic regime, 
kBTr/h > 1. It is shown that the 'metallic' behaviour of the 
resistivity {dp/dT > 0) of the low-density 2DHG is caused by 
hole-hole interaction effect in this regime. We find that the 
temperature dependence of the conductivity and the parallel- 
field magnetoresistance are in agreement with this descrip- 
tion, and determine the Fermi-liquid interaction constant Fq 
which controls the sign of dp/dT. 



It is well known that electron-electron interaction gives 
rise to a quantum correction to the classical (Drude) con- 
ductivity caused by impurity scattering [Q . Its manifes- 
tation can be quite different in the two regimes which 
relate the quasi-particle interaction time, h/kgT, to mo- 
mentum relaxation time, t: diffusive (ksTT /Ti < 1), and 
ballistic {ksTT/fi > 1). So far the interaction correc- 
tion to the conductivity of two-dimensional (2D) systems 
has been studied, both theoretically and experimentally, 
only in the diffusive regime, which is applicable to low- 
mobility (small r) systems Experimentally, the in- 
teraction correction was seen to be negative and produce 
a logarithmic decrease of the resistivity with increasing 
temperature, similar to the interference correction due to 
weak localisation (WL). Theory, however, suggests that 
the sign of the interaction effect in the diffusive regime 
can be different, dependent on the value of the interac- 
tion constant . Thus the correction can become posi- 
tive and give rise to a 'metallic' temperature dependence 
with dp/dT > ||. 

The role of interactions in the conductance of 2D sys- 
tems has now been intensely discussed, after the observa- 
tion of the'metallic' behaviour in some low-density, high- 
mobility 2D systems If one attempts to apply the 
conventional interaction theory, it can be seen that in 
high mobility structures the diffusion approximation be- 
comes invalid even at low T . Recently, a theory of the 
interaction correction in the ballistic and intermediate 
regimes has been developed |^]. Stimulated by this the- 
ory, in this work we examine the role of the hole-hole 
interaction effects in a 2D hole gas (2DHG) which shows 
a 'metalhc' p{T). We analyse the temperature depen- 
dence of the conductivity and positive magnetoresistance 



in parallel field, and show that these two main features 
of the 'metallic' state can be explained by the interaction 
effect. It has the same origin as the logarithmic correc- 
tion studied earlier Q, but now manifests itself in the 
ballistic regime. 

The interaction theory Q| considers elastic (coherent) 
electron scattering on the modulated density of other 
electrons (Friedel oscillation) caused by an impurity with 
a short-range potential. The phase of the Friedel oscilla- 
tion, Ap oc exp(z2fcF?'), is such that the wave scattered 
from the impurity interferes constructively with the wave 
scattered from the oscillation. Fig. I (a), leading to the 
quantum correction to the Drude conductivity do- The 
model gives several predictions to be tested experi- 
mentally. 

Firstly, the logarithmic correction in the diffusive 
regime of multiple impurity scattering, becomes a linear 
temperature dependence in the case of a single scatterer, 
at ksTT/n > 1: 
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where Fq is the Fermi liquid interaction parameter in 
the triplet channel. The coefficient in the temperature 
dependence originates from two contributions: one due 
to exchange processes (Fock) and another due to direct 
interaction (Hartree). Similar to the diffusion regime, 
the sign of dp/dT depends on the constant Fq . It is 
important that for a given Fq, dependence p{T) can be 
'metallic' even when the logarithmic correction at smaller 
kBTr/h is 'insulating'. It is also interesting to note 
that according to Q the actual transition to the bal- 
listic regime occurs at O.lksTr /fi, so that experiments 
on high-mobility structures can be easily driven into the 
ballistic regime. 

Secondly, for a wide range of parameter Fq the model 
allows the change of the sign of dp/dT with parallel mag- 
netic field - the effect seen in recent experiments. Alag- 
netic field suppresses the correction in the triplet channel 
in Eq. (|^), resulting in a universal, positive correction to 
the Drude conductivity in magnetic field, (Jq , and hence 
the 'insulating' behaviour of p{T): 
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Here Bs is the field corresponding to the full spin po- 
larisation of the 2D system, Bs = 2Ep/g* fj,B, where g* 
is the Lande g-factor, /i^ is the Bohr magneton, and 
Tp is the Fermi temperature. Note that the same func- 
tional dependence as in Eq. (^) was derived in ||^ , where 
the authors consider the same physical phenomenon in 
terms of the temperature effect on screening of the im- 
purity potential. The model ||] has been applied to the 
analysis of the linear p{T) in several experiments on Si 
MOSFETs and GaAs structures, although no quantita- 
tive agreement with the model was achieved. It is impor- 
tant to mention that model ||^ considers only the Hartree 
potential of interacting electrons and ignores the Fock 
contribution. As a result, it only predicts the positive 
sign of dp/dT and does not allow the change in dp/dT 
with magnetic field. 

The Fermi-liquid constant Fq has a significant physical 
meaning. It can be considered as the ratio of exchange 
and kinetic energies, and it also comes into the magnetic 
susceptibility 0: 
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Recently, there have been reports that in the 'metal- 
lic' state of the 2DEG in Si-MOSFETs the g-factor di- 
verges when approaching the 'metal'-to-'insulator' transi- 
tion 0, indicating the ferromagnetic (Stoner) instability 
expected in low-density 2D systems [||. In our 2DIIG 
the parameter Ts is twice as large as in [Q, 20 near 
the crossover, so that we can also expect a manifesta- 
tion of the Stoner instability. Therefore, our analysis of 
the conductance in terms of Eq. (||) can give the value 
of the interaction parameter and show how close to 
the Stoner instability the system is - from Eq. (||) the 
instability is expected to occur at Fq = — 1. 

The experiments have been performed on a (311)A 
GaAs/AlGaAs heterostructure with a peak mobility of 
6.5 X 10^ cm^V'^s"^, which shows the crossover from 
'metal' to 'insulator' at p 1.5 x 10^"cm~^, Fig. 1 (b). A 
standard four-terminal lock-in technique has been used 
for resistivity measurements at temperatures down to 50 
mK, with currents of 1-10 nA to avoid electron heating. 
The hole density p in the 'metallic' region is varied by the 
gate voltage in the range (2.09 — 9.4) x lQ^^cm~'^ , corre- 
sponding to the interaction parameter = 10— 17 (with 
the effective mass m* taken as 0.38me 0). In pO| , pl| the 
'metallic' character of a higher density 2DHG in GaAs 
was explained in terms of inelastic scattering between 
two hole subbands, split due to spin-orbit interaction. In 
our low-density structures the effect of the band splitting 
is negligible. 

Fig. 1 (b) represents the temperature dependence of 
the resistivity, with the 'metallic' region under study 
marked by a box. The increase of the resistivity with T 
can be simply due to phonon scattering, which cannot be 
ignored in GaAs structures with piezo-electric coupling 
even at temperatures below IK. In Fig. 1 (c,d), curves 
p[T) for different densities are plotted together with the 



where Po = = p{T = 0) is the residual resistivity 
due to impurity scattering, obtained by extrapolation to 
T = 0, and pph is the result of the calculations for the 
phonon scattering in GaAs heterostructures ||l^. The 

latter is represented as Pph{T) ~ i+c{t'/To)'^ ' '^ti^^'S pa- 
rameters a and c depend on the carrier density, effective 



mass and crystal properties, and Tp = kg^yj27 
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where St is the transverse sound velocity. This rela- 
tion corresponds to the intermediate temperature range 
between the Bloch-Gruneisen, T < Tq, and the linear, 
T > To, regimes, for the case of non-screened phonon 
scattering. (The criterion T < Tq/tt ||i^ for the screened 
phonon scattering is not satisfied for the majority of our 
data.) One can see that at the highest p, phonon scatter- 
ing can fully explain the experimental dependence p{T). 
However, with decreasing density another contribution 
develops, which dominates at low T and low densities. 
Fig. 2 (a) shows this contribution obtained by subtract- 
ing that of phonon scattering. The peak-like shape of 
p(T), with the maximum at Tmax ~ O.STp, is i n q ualita- 
tive agreement with numerical calculations in [[l4[ where 
it is explained by the transition to the non-degenerate 
regime at T > 0.3Tp. (Similar p(T) dependence with a 
peak has also been seen in p^). 

In order to compare the results in the low-temperature 
range of p{T) with Eq. (|l|), we replot in Fig. 2 (b) the 
data in conductivity form : Aa{T) — {p(T) — pph{T))~^ — 
Pq^ . The condition for the ballistic regime kBTr/h > 1 
is satisfied in our structure at T > 50 — 100 mK, and a lin- 
ear fit of A(t(T) gives the value of parameter Fq , which 
is presented in Fig. 2c for different p. The following 
comments can be made on this result. Firstly, the inter- 
action constant is negative and this provides the 'metal- 
lic' slope in p{T). Secondly, its absolute value decreases 
with increasing density, which is in agreement with the 
expectation that the ratio of the exchange to kinetic en- 
ergy of quasi-particles decreases to zero at large densities. 
Thirdly, one can see that the measured value does not ex- 
ceed 0.42, and when extrapolated to the density of the 
crossover from 'metal' to 'insulator' {p ^ 1.5 x 10 cm~^), 
is much smaller than the value of \F^\ — 1 expected for 
the Stoner instability. This implies that our description 
of the 'metallic' system as a weakly interacting Fermi- 
liquid is self-consistent. 

Let us now turn to the increase of resistance with par- 
allel field shown in Fig. 3 (a), which is similar to that 
observed earlier on the 2DHG |l^ . There is a character- 
istic feature in the data - a bend, which shifts towards 
smaller fields as the density is decreased. It was recently 
shown that this hump corresponds to the magnetic field 
Bs of full spin polarisation of the 2DHG ijl^. However, 
there has been no quantitative analysis of the magnetore- 
sistance in the 2DHG, which we now attempt. We start 
with the analysis which is similar to that performed on 
2D electrons in a Si MOSFET and GaAs heterostruc- 
ture flq]. It is based on the model |19| of positive mag- 
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netoresistance at T = 0, which considers the effect of 
paraUel field on the screening of the impurity potential, 
affected by the presence of two spin subbands with dif- 
ferent Fermi momenta kp. The fact that this model does 
not consider the Fock component in the interacting po- 
tential should not now affect the magnetoresistance re- 
sult, as the magnetic field only acts on the Hartree term. 
Fig. 3 (b) shows p{B\\) / p{B\<^ = 0) as a function of di- 
mensionless magnetic field B/Bs, with Bs found as a 
fitting parameter. Its value is shown by the dashed line 
in Fig. 3 (a) and corresponds to the position of the hump. 
In accordance with |]l^ , all the data in the density range 
p = 1.43 — 8.34 X lO^^m"^ collapse on one curve. There is 
satisfactory agreement with the experiment, apart from 
the region close to Bs where we can expect a contribu- 
tion of another mechanism taking place, which takes into 
account a finite thickness of the conducting layer . 

Using the value of Bs one can obtain the effective g- 
factor, using the relation g* = 2Ep/ ^.bBs, whose de- 
pendence on the density is shown in the inset to Fig 3 
(b). Note that contrary to 0, where a similar analysis 
on a 2DEG in Si structures showed a rapid increase of 
the g-factor with decreasing density near the 'metal'-to- 
'insulator' transition, the g-factor in our case decreases 
with decreasing density. Similar behaviour was recently 
observed for 2D electrons in GaAs [pT| . 

Fig. 4 (inset) shows the temperature dependence of 
the magnetoresistance, where one can see that B^ | drives 
the 'metallic' state into 'insulator'. To compare this re- 
sult with the prediction given by Eq. (|^) we analyse the 
temperature dependence of the resistivity at field Bs- (In 
this analysis we neglected altogether the phonon contri- 
bution, as at T < 0.5 K it becomes less than 5%, due 
to the four- fold resistance increase at = Bs). The 
resulting dependences. Fig. 4 (a), are indeed linear, in 
accordance with Eq. (||). By extrapolation to T = 0, 
we find the value of the Drude conductivity ajf and de- 
termine the slope a of the straight lines. Its value is 
close to the expected one, a=l, at all studied densities, 
although we find that agreement is better for smaller p, 
where a increases to 0.92. Such a behaviour of a can be 
attributed to the fact that in the real system the scatter- 
ers are not point-like, as assumed in the theory. However, 
with decreasing density and increasing Fermi wavelength, 
Xp ocp~^/^, the approximation of short-range scatterers 
becomes more applicable. 

The discussed model also gives a simple prediction for 
the magnetoconductivity in the ballistic regime Act = 
a{B^,T) - a{0,T) in weak fields, such that x = < 
1 + Fq , which can also be tested experimentally |22] : 
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where Ez = g*i^BB\\ and Kb{x,Fg) « x^f{F^)/3, 
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In Fig. 4 (b) we plot the magneto-conductivity at 
T = 0.6 K as a function of for the fields satisfying 



the above condition. We use ctq obtained in the above 
analysis at _B|| — 0, and g* determined from the anal- 
ysis of p(-B||) at the lowest T. Therefore, the only un- 
known parameter in the slope of A(j{B'^^) is Fq . We ex- 
tract its value for different densities and compare it with 
that determined earlier from p(T) at zero field, Fig. 2 
(c). Good agreement between the results of the two ap- 
proaches proves the validity of the interpretation of the 
'metallic' state. 

In conclusion, we have studied the temperature de- 
pendence of the conductivity and the magnetoresistance 
in parallel field of a low-density (large Ts) 2D hole gas 
in the 'metallic' phase, near the crossover in the sign of 
p{T). We have demonstrated that the 'metallic' char- 
acter of p (r) and the positive magnetoresistance are 
caused by the hole-hole interaction in the ballistic limit 
kBTr/h > 1. We have found the Fermi liquid constant 
Fq, which determines the sign of p{T). Its value near 
the crossover appears to be significantly smaller than ex- 
pected for the ferromagnetic instability. 
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Figure captions: 

Fig.l. (a) Diagram of electron scattering by an impurity 
and the Friedel oscillation it produced, 
(b) Temperature dependence of the resistivity at different 
hole densities near the crossover in the sign of dp/dT. 
(c,d) Resistivity on the 'metallic' side of the crossover 
(symbols), and contribution to p(T) due to phonon scat- 
tering (solid lines). 

Fig. 2 (a) Impurity scattering contribution Ap against 
dimensionless temperature at different p. (For clarity, 
curves in (a) and (b) are offset vertically from zero value 
at T = 0.) (b) The same data as in (a) but in conductiv- 
ity form, with linear fitting, (c) Fermi hquid parameter 
versus hole density. Open symbols show the result ob- 
tained from the analysis of p{T) at zero magnetic field; 
closed symbols show the result from the analysis of the 
parallel-field magnetoresistance. Fig. 4 (b). 

Fig. 3 (a) Dependence of the resistivity on parallel mag- 
netic field at T = 50 mK and p =1.43; 1.57; 1.75; 2.03; 
2.26; 2.49; 2.83; 3.36 x 10^° cm"^ from bottom to top. 
(b) Scaled data, with an added curve p(-B||) for p — 
8.34x10^° cm"^; solid line is the result of the model 
Inset: dependence of the effective (/-factor on the hole 
density, obtained from the value of Bs- 

Fig. 4. (a) Temperature dependence of the conductivity 
at B|| = Bs for different hole densities. Coefficient a = 
0.53 is obtained for p = 2.49, 2.83 x 10^" cm"^ ; a = 0.62 
for p = 2.26 x 10"' cm"^ ; a = 0.74 for p = 2.03 x 
10^° cm"^; and a = 0.92 for p = 1.43, 1.57, 1.75 x 10^" 
cm"^. Inset: /9(B|[) for p = 2.26x 10^° cm"^, at different 
temperatures: T = 0.1, 0.2, 0.3, 0.45, 0.6, 0.8 K. 
(b) Magnetoconductivity against Bj^, at T = 0.6 K for 
densities p = 2.03, 2.26 , 2.49, 2.83, 3.36 x 10^° cm"^ 
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